Metasurfaces have attracted extensive interests due to their ability to locally manipulate optical parameters of light and easy integration to complex optical systems.
pixels within a supercell (which is the smallest periodic cell of the grating), are capable of generating a uniform or tailored intensity distribution in a number of onedimensional (1D) and two-dimensional (2D) diffraction orders [24] . However, the energy distribution of the diffraction orders of Dammann gratings relies on the proper setting of the evaluation functions. Several methods such as simulated annealing algorithm and genetic algorithm for the extensions of the Dammann optimization have been proposed for more flexibility in the intensity distribution of diffraction orders [25] . Nevertheless, it is still difficult completely suppressing the intensities of all the unselected diffraction orders. As a result, the diffraction orders are not independently controllable. In addition, the diffraction efficiency is relatively low due to the phaseonly modulation and the size of traditional Dammann device is still relatively large for an integrated optical system. The possible solution to achieve selective diffraction is to replace the binary phase modulation with complex amplitude and phase modulation. Therefore, it is desirable to combine the concept of Dammann optimization algorithm with the flexibility of metasurfaces for the achievement. Actually, several metasurfaces based on Dammann principle have been utilized for generation of optical vortex arrays [26, 27] and beam arrays [20, 28] .
In this letter, we propose and experimentally demonstrate a novel approach for the generation of two-dimensional selective diffraction orders based on tailored dielectric metasurfaces with complex amplitude modulation using the PB phase principle. By positioning the azimuthal angles of dielectric nanofins and simultaneously tuning the geometry parameters (length and width) of each nanofin, the generated phase and amplitude can be directly modulated. Such dielectric nanofins can generate different dynamic phase delays for different geometry parameters even with the same orientation angle. Therefore, each nanofin has its own initial transmission phase change, which will be combined with the PB phase that results from the azimuthal angle to achieve the final desired local phase modulation. For circularly polarized (CP) light, such metasurface can generate arbitrary 2D diffraction orders based on a complex amplitude modulation. Figure 1 schematically illustrates the generation and reconstruction procedure of 2D selective diffraction orders based on our proposed dielectric metasurface. Silicon nanofins are arranged on a glass substrate with the same lattice constants in both directions. For experimental validation of the proposed concept, we designed and fabricated a sample for which the selected diffraction orders form a pattern with the word "META" while all other diffraction orders are simultaneously suppressed. In our experiment, we analyzed the distribution uniformity and angles of the diffraction orders and compared them with a phase-only design. We found that the simulation results and the experimental far-field images are well consistent with each other, confirming the possibility to achieve selective diffraction with dielectric metasurfaces.
The basic unit-cell of the metasurface is composed of a Si dielectric nanofin on top of a fused quartz substrate (Figure 2a) . The lattice constant of the rectangular nanofins is 300 nm for both x-axis and y-axis, which is much less than the desired incident wavelength of 785 nm. To acquire the complex amplitude modulation between the two orthogonal circular polarization states, we carry out a 2D parameter optimization using a rigorous coupled wave analysis method to optimize the geometry parameters of the nanofins. The height is set to 380 nm, while the length and width are swept in the range of 80 nm to 200 nm and 40 nm to 150 nm, respectively. The refractive index of the fabricated Si was measured by ellipsometry, which is nλ=3.8502+0.0109i with respect to the wavelength in  =785 nm. The calculated transmission amplitude and phase delay for the conversion transmission coefficients Tlr (for left to right circular polarization) are shown in Figure 2b and Figure 2c . When the length L of the nanofin is 190 nm and the width w is 100 nm, the amplitude of Tlr can reach up to 0.9589. If all nanofins are designed with this geometry parameter, the incident circularly polarized light beam will be almost fully transformed into the opposite helicity, therefore such a metasurface will work as a half-wave plate [18] . Besides, the amplitude may take any value from 0 to the maximum by choosing suitable geometry parameters. Here we choose five distinct amplitude values with 0.2, 0.4, 0.6, 0.8 and 0.9589 as shown in Figure 2d . Each of them corresponds to a pair of characteristic length and width for the nanofin, which are marked with black circles in Figure 2b . Figure 2c shows the corresponding phase delay for Tlr of the selected nanofins. Notice that for the selected geometry parameters, the extra transmission phase shifts of the nanofins differ from each other. Apart from the dynamic phase delay due to the accumulation within the dielectric nanofin, there exists a geometric PB phase Φ related to the azimuthal angle of the nanofin with respect to the x-axis. Such geometry phase corresponds to half of the solid angle encompassed by the geodesic path of the final and initial polarization state on the Poincaré sphere. Hence, the phase shift Φ of the orthogonal handedness CP light is twice of the orientation angle θ of the nanofin, which can be express as 2 = , whereas σ represents the incident helicity of the light. Since each of the distinct rectangular nanofins corresponds to different dynamic phase shifts, an extra angle rotation must be induced into distinct selected nanofins for compensation. The finally desired phase d α of each pixel is the superposition of the PB phase and compensation phase c α which is equal to the dynamic transmission phase shift. Accordingly, the orientation angle θ of the nanofin can be designed as follows:
When light normally illuminates upon the metasurface with the desired wavelength, the diffraction orders and diffraction angles are determined only by the supercell of the metasurface, which is arranged periodically in two dimensions utilizing the Dammann grating concept. Here we choose a supercell composed of 60×60 nanofins, with a lattice constant of 300 nm, resulting in a supercell area of 18 μm×18 μm. The whole metasurface contain 13×13 supercells. The diffraction orders will be controlled by the design of the nanofin arrays within the supercell for achieving the complex amplitude modulation. The desired diffraction orders can be expressed as the superposition of Fourier expansion according to the formula as follows,
where p and q are the indices of the diffraction orders, supercell, it will be difficult to normalize the amplitudes into limited stages since the peak value is much larger than all the other values. Here we made a phase shift for different diffraction orders so that the maximum values are distributed to different pixels in the supercell, which will result in an amplitude as follows:
where c l represents the lattice constant of the unit-cell. Next, each nanofin is designed and fabricated by mapping to the 5-stage amplitude and continuous phase modulation (sample B). For comparison, we also fabricated a metasurface with phase-only modulation for which all the nanofins are chosen with the equal amplitude of 0.9589 (sample A). The theoretically calculated phase for both samples are shown in Figure 3a and Figure 3b . The samples were fabricated on fused quartz plate using electron beam lithography, followed by a plasma etching. The scanning electron microscopy (SEM) image of the fabricated phase-only sample A and complex amplitude sample B are shown in Figure 3c and Figure 3d , respectively. The SEM images clearly show that different geometric parameters for the nanofins of sample B.
The fabricated samples are experimentally characterized for their performance with the experimental setup shown in Figure 3e . The incident light with λ=785 nm passes through a linear polarizer and a quarter-wave plate to form the desired CP light. For the characterization, two sets of experimental configurations are used for measuring and imaging the diffraction orders. On one hand, for measuring the diffraction angles of the different orders, a rotation stage with a quarter-wave plate and a linear polarizer are set behind the metasurface sample. By using a 2D translation stage in xy-plane, the precise location and intensity of each diffraction order were measured. On the other hand, for the purpose of completely imaging all the selective diffraction orders together, all the beams are collected by a microscope objective and imaged to a CCD camera. The numerical aperture of the objective is NA=0.45, which allows imaging the diffraction angles up to ±26.74° with respect to the z-axis. The maximum diffraction orders from such metasurface can be determined according to the grating theory [29] ,
Kx qKy n k Figure 4c . In addition, we performed for the 5-stage complex amplitude modulation a far-field simulation based on finite-difference timedomain method for analyzing the polarization conversion in full 3D space. In order to reduce the computation load, only one period of the supercell is simulated. As shown in Figure 4d , each of the selected diffraction orders converts to the orthogonal polarization state of the incident light while the intensity of other locations is very weak with disordered polarization states. For clarity, irrelevant information with little energy distribution has been omitted in this figure.
The experimental results are shown in Figure 4e to 4h. Actually, for the phase-only design (sample A), the modulations only depend on the azimuthal orientation controlled by PB phase, hence it can be considered as a broadband device. The results of sample A for two different wavelengths of 633 nm and 785 nm are shown in Figure 4e and 4f, respectively. The unwanted diffraction orders with much lower energy emerge as expected, while all the selected diffraction orders forming the words "META" are still easy to be identified at both wavelengths. Because all the nanofins are chosen with a high transmission, the desired diffraction orders have the intensity much higher than the others. However, the designed sample B for complex amplitude modulation is effective only for the desired wavelength of 785 nm because the total phase is applicable only for a single wavelength. Therefore, for sample B, the designed diffraction orders cannot be distinguished from the other orders at the wavelength of 633 nm (Figure 4g ).
At the design wavelength of 785 nm the result shows all the selected diffraction orders very well, compared with both the results of sample A in Figure 4f and 4e. There are still a small number of unwanted diffraction orders that can be observed with weak intensities. These deviations might be the result of fabrication errors of the nanofins and slight differences of material parameters. For sample B, the measured diffraction efficiency of the opposite helicity with respect to the incident light at 785 nm is 28.21%, which is close to 31.02% from our simulation result. After subtracting the energy of the zero-order diffraction, the average efficiency of the 65 desired selective orders with respect to the orthogonal CP light at 785 nm is about 0.31% for each order. For the wavelength of λ=633 nm several undesired diffraction orders appear. Hence, the determination of the total efficiency for this wavelength is meaningless. We note that the zero-order light in the experiments results from a small polarization change of the used quartz substrate, which is slightly anisotropic.
The diffraction angles are also measured in the experiment. Figure 5a shows a superposition of the diffraction orders in the far field when illuminating metasurface sample A with both wavelengths (633 nm and 785 nm) simultaneously. As expected by equation 5, each diffraction order at 785 nm has a slightly larger diffraction angle compared with the one at 633 nm. Figure 5b shows the selected diffraction orders with schematically on a spherical surface with the chosen notation for the angles. Note that the diffraction angles measured of sample A and B are the same due to the identical supercell size. In our design, the orders are concentrated in a small cone area with respect to the z-axis, which makes them easier to be collected by objective. Actually, 
These diffraction parameters were calculated from experimental data, which gives the precise location of each diffraction order with respect to the coordinate axis, 
Here a and b are the locations of the measured points with respect to the zero-order along the optical axis in x-axis and y-axis, respectively. l is the distance between the measured points and the surface of the sample along the z-axis. The diffraction angles of ψ and ζ by theoretical calculations and experimental measurements are shown in Figure 5c , respectively. The angles with respect to different diffraction orders in two dimensions are plotted with different (p, q) orders in distinct colors. The theoretical and experimental data are represented as boxes and asterisks, respectively. Clearly, the measured values and theoretical calculation are consistent with each other for all diffraction orders. Therefore, we can achieve 2D beam distributions in arbitrary directions accordingly.
We note that a number of feasible metasurfaces have been proposed to modulate complex amplitude for transmitted light, such as C-shape nanoantennas [32] or double layers composed of L-shape slot and concentric loop resonators [33] . However, most of them work in Terahertz or microwave range. With the simplification of such tailored nanofins, it is easy to independently modulate both the phase and amplitude in the shorter visible and near-infrared range. Meanwhile, the combination of dynamic phase and geometric phase for the phase design principle is crucial to the successful implementation. Such metasurface can achieve selective diffraction orders by breaking the structural symmetry compared to traditional gratings, providing more design freedoms for various parallel beam controlling applications, with predefined directions and polarizations, which is not easily achievable with other methods.
To summarize, a novel design strategy for generating selective diffraction orders based on dielectric metasurface with complex amplitude modulation of the incident light is proposed and experimentally demonstrated. For each of the subwavelength nanofin, the amplitude can be manipulated by modulating the geometric parameters in several normalization stages and the desired phases are continuously controlled by the orientation angles of the nanofins. The two-dimensional selective diffraction orders were generated based on the superposition of Fourier expansion, which can strongly suppress the unwanted diffraction orders. Both simulation and experimental results are in agreement with each other, which verifies our complex amplitude design at the desired wavelength. The diffraction angles of the different diffraction orders were experimentally measured which were in accordance with theoretical calculations. The proposed method can be used for potential applications in beam shaping, parallel laser fabrication, laser cooling, and nanoscale optical detections and so on.
Fabrication methods
Plasmonic meta-surfaces were fabricated on a fused quartz plate using electron beam lithography, followed by a plasma etching. Firstly, a 380 nm thick silicon film was 
